Abstract: Lignin is a poorly characterized polymer and its exact properties vary depending on both the species of the plant and its location within the plant. Three classes of lignins taken from alfalfa stem were examined. The investigation was concentrated on the determination of chemical changes in the lignins during growth and development by the attenuated total reflectance (ATR) infrared (IR) spectrometric technique. The spectrum of permanganate lignin was comparable to that of acid detergent lignin. The main differences were in the different relative absorbance of the peaks. The predominant component of acid detergent lignin and permanganate lignin was guaiacyl-type lignin. The predominant component of Klason lignin was syringyl-type lignin. A comparison between the signals from lignin in different development stages revealed the appearance of new peaks, which are indications of new bonds and changes in the structure of the lignins.
INTRODUCTION
Lignin is a complex polymer of high carbon content, which is distinct from carbohydrates, that impregnates the plant cell wall. Thus, lignin confers compressive strength and bending stiffness necessary for mechanical support; it also provides a hydrophobic surface, essential for longitudinal water transport, and provides a barrier against pathogens. Lignins are composed of three main units, named p-hydroxyphenyl, guaiacyl and syringyl units. These components originate from 886 MARKOVIĆ et al. the polymerization of the three monolignols, p-coumaryl, coniferyl and sinapyl alcohols (Fig. 1) . 1 The proportions of these three units in the cell wall vary according to plant species and tissue type. 2 During the early stages, coniferyl alcohol with small amounts of p-coumaryl alcohol is copolymerized into the primary wall to form mixed guaiacyl and p-hydroxyphenyl lignins (Fig. 2) . 1,2 Later, during secondary wall development, coniferyl alcohol and increasing amounts of sinapyl alcohol are copolymerized to form mixed guaiacyl and syringyl lignins. Many methods of lignin analysis have been developed because of the negative association of lignin with digestibility. In this study, the composition and structure of the lignin isolated by different methods from alfalfa stem at different stage of growth and development were investigated by the ATR-IR spectroscopic method. 
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Methods
The acid detergent lignin (ADL) was determined as the lignin insoluble in 72 % (w/w) sulfuric acid, applying the method of Van Soest and Robertson. 4 The permanganate lignin (PerL) was determined as the residue remaining after oxidation with potassium permanganate by the method of Van Soest and Wine. 5 The Klason lignin (KL) was determined as the residue remaining after total hydrolysis of the cell wall polysaccharides by the method of Theander and Westerlund. 6 The ATR spectra (1700-500 cm -1 ) were obtained using a Nicolet Model 6700 FT-IR spectrometer. The crystal-diamond spectra were obtained with 4 cm -1 resolution and 32 scans for each sample spectrum were performed. The spectral values are in cm -1 .
RESULTS AND DISCUSSION
ATR-IR spectrometry was used as a structural, non-destructive and simple tool for the qualitative analysis of the chemical composition of lignins isolated by different methods and in different stages of herbal development.
The spectrum of ADL (the first stage of development) is presented in Fig. 3a . Peaks were observed at (cm -1 ): 1727.7 (C=O unconjugated groups in lignin and carboxylic acid ester 7 ); 1602.8 and 1490.7 (aromatic skeletal vibrations 8, 9 ); 1455.4 (benzene ring vibration in lignin, CH 3 and CH 2 substituted 8 ); 1166.7 (C-O-C bonds of allyl ether 10 ); 1031.3 (primary alcoholic and aliphatic ether groups 9 ) and 960.0 (aromatic C-H out-of-plane deformations 11 ). At the second stage of development (Fig. 3b) , the signal at 1031.5 arises from the C-O bond of primary alcohols 9 ). At the third stage of alfalfa development (Fig. 3c) The spectrum of PerL (Fig. 4) is comparable to that of ADL. Peaks were observed at (cm -1 ): 1731.7 (carbonyl stretching -unconjugated ketones and carboxyl groups 14 explained by alkylation, which protects the phenolic aromatic rings from degradation, while all the other aromatic rings are degraded in the permanganate oxidation. Some biphenyls and biphenyl ethers also survived the oxidative degradation. 10 On the other hand, the signals at (cm -1 ): 1427.5 at the second stage of development and 1592.8 and at 1417.0 at the third stage of development (aromatic skeletal vibrations combined with C-H in plane deformation 11 ) and 1245.7 (syringyl ring and C-O stretching in lignin and xylan 12 ) disappeared. At the first development stage, in the spectrum of KL (Fig. 5a) , intensive signals at (cm -1 ): 1090.1 and 1028.6 (syringyl units or condensed guaiacyl units 9 ) and signals 1455.2, 1495.9 and 1613.5 (aromatic skeletal vibration as well as CH deformations, guaiacyl-syringyl-type 10 ) were observed. At the second development stage (Fig. 5b) , signal at (cm -1 ): 1651.0 (carbonyl groups of oxycelluloses, found in degraded materials 11 ); 1423.2 (C-H vibrations and aromatic ring vibrations 7, 15 ) and 1210.1 (vibrations of guaiacyl rings and stretching vibrations of C-O bonds 9 ) were registered. The spectrum of KL in the third development stage of alfalfa (Fig. 5c) showed syringyl ring and C-O stretching at 1232.8 in lignin and xylan. 10,15 In other detailed structural study, [16] [17] [18] contemporary comparison of the composition of lignin from alfalfa stem with growth and development were made. The spectra of ADL and PerL were similar. The main difference was that in the PerL spectrum, guaiacyl and syringyl ring breathing signals were registered, whereas in the ADL spectrum, only a guaiacyl ring breathing signal was observed. The spectra of KL showed syringyl and condensed guaiacyl units from the first to the third stage of alfalfa stem development. The spectral data of lignins from alfalfa stem indicate changes of peaks in fingerprint region at different stages of growth. Comparison between the peaks from different development stages revealed the appearance of new signals after 7-day intervals, which are indications of new bonds. The increases of the new bands indicate that new bonds were formed owing to the breakdown of lignin and hemicellulose polymers. During this period, many chemical changes occurred in these constituents, primarily in the structure and amount of lignins.
